In this work, we fabricated the polyaniline/silver nanoparticle/multi-walled carbon nanotube (PANI/Ag/MWCNT) composites by in situ polymerization of aniline on the wall of Ag/MWCNTs with different aniline to Ag/MWCNT mass ratios. The chemical structure of the ternary composites was characterized by Fourier transform infrared spectroscopy, Xray diffraction, and X-ray photoelectron spectroscopy. Scanning electron microscope and high-resolution transmission electron microscopy were used to observe the morphology of the ternary composites. The results showed that the polyaniline PANI layer was prepared successfully and it covered Ag/MWCNTs completely. In addition, Ag nanoparticles between the MWCNT core and the PANI layer existed in the form of elemental crystal, which could contribute to the electrochemical performance of the composites. Then we prepared the composite electrodes and studied their electrochemical behaviors in 1 mol/L KOH. It was found that these composite electrodes had very low impedance, and exhibited lower resistance, higher electrochemical activity, and better cyclic stability compared with pure PANI electrode. Particularly, when the mass ratio of aniline to Ag/MWCNTs was 5:5, the composite electrode displayed a small equivalent series resistance (0.23 Ω) and low interfacial charge transfer resistance (<0.25 Ω), as well as 160 F/g of the maximum specific capacitance at a current density of 0.25 A/g in KOH solution. We could conclude that the composite material had potential applications as cathode materials for lithium batteries and supercapacitors.
I. INTRODUCTION
Electrochemical capacitor (EC), known as a supercapacitor or a ultracapacitor, is considered to be one of the high-power systems because of its pulse high power supply, long cycle life (>10 5 cycles), simple operational mechanism, and high dynamics of charge propagation [1] [2] [3] . In the past decade, EC technology has experienced an impressive growth in terms of the increase in performance owing to the discovery of new electrode materials, including carbonaceous materials [4] [5] [6] , conducting polymers (CPs) [7] [8] [9] [10] [11] , etc.
Carbonaceous materials, given their favorable mechanical strength, chemical stability, and electrical properties, are of particular interest for ECs. Among all the carbonaceous compounds, carbon nanotube (CNTs) have the highest frequency response with a "knee frequency" (where, on a Bode plot, there is a sharp change in slope) greater than 100 Hz, as opposed to the 1−10 Hz of most commercially available capacitors [12] . Meanwhile, CPs with the π-conjugated structures, have been extensively investigated as active electrode materials in energy storage systems in the past two decades. Polyaniline (PANI) is one of the most promising CP materials due to its simple preparation process, low cost, chemical stability, and high conductivity [13] . Furthermore, it's worth mentioning that the conductivity of PANI can be reversibly controlled by simple doping/dedoping with acids/bases [14] .
Nowadays, composites of CNTs and PANI have been discussed thoroughly and systematically [15] [16] [17] . The hybrid of CNTs and PANI is reported to show synergistic effects that combine the advantages of both materials: PANI provides superior pseudocapacitance, while CNTs act as a framework that helps PANI to sustain from the strains in charging/discharging cycling process [18] . To further increase the pathways for electron transfer to achieve quick charging and discharging, one strategy is decorating metal nanoparticles on the surfaces of CNTs. The attempt was made by Kim et al., that after Ag nanoparticles were introduced into the binary carbonaceous materials and CP composites, the ternary composites showed remarkably increased current, lower resistivity, quicker response, and better spe-cific capacitance. This reason could be due to the bridge effect of Ag between carbonaceous materials and CPs [19] .
In the present work, we firstly prepared the ternary composites of PANI, silver nanoparticles, and multiwalled carbon nanotubes (PANI/Ag/MWCNTs) with different aniline to Ag/MWCNT mass ratios by in situ polymerization of aniline on the wall of Ag/MWCNTs, and then investigated the electrochemical performance of the ternary composites in alkaline electrolyte solution by cyclic voltammetry (CV), galvanostatic chargedischarge (GCD) and electrochemical impedance spectroscopy (EIS). The composite electrodes exhibited quite low resistance, high electrochemical activity, as well as good cyclic stability, and were expected to show potential applications as cathode materials for ECs.
II. EXPERIMENTS

A. Materials
MWCNTs (diameter of 60−100 nm, length of 5−15 µm, purity of 95%), synthesized by the chemical vapor deposition method, were purchased from Shenzhen Nanotechnologies Co. Ltd. Aniline, ethylene glycol (EG), polyvinyl pyrrolidone (PVP, K30, M r =10 4 ), sodium lauryl benzenesulfate (SDBS), AgNO 3 , H 2 SO 4 , HNO 3 , NH 3 ·H 2 O, ammonium persulphate (APS), KOH and Na 2 SO 4 were all analytical grade and obtained from Sinopharm Chemical Reagent Beijing Co., Ltd. All the reagents were used as received.
B. Preparation of Ag/MWCNT composites
Ag/MWCNT composites were prepared according to the previously reported procedure [20, 21] . MWCNTs were firstly modified as follows: 0.25 g of MWCNTs was dispersed in 40 mL strong acid mixture (H 2 SO 4 :HNO 3 =3:1, volume ratio) at room temperature. After ultrasonication for 2−3 h, the mixture was filtered and washed with deionized water three times through Millipore membrane, and then air-dried to generate the modified MWCNTs. Next, 10 mg of the modified MWCNTs were dispersed in 15 mL of EG and ultrasonicated for 15 min. Simultaneously, into another 15 mL of EG, 63 mg of AgNO 3 were added, followed by PVP as stabilizer and SDBS as surfactant with the mass ratio of PVP:SDBS:Ag being 1:1:1. Afterwards, the two prepared EG solutions were mixed together by ultrasonication for another 3 h at room temperature, washed with acetone and deionized water for three times, and then filter through Millipore membrane to finally generate the Ag/MWCNT composites.
C. Preparation of PANI/Ag/MWCNT composites
The homogenous PANI/Ag/MWCNT composites were prepared by in situ polymerization of aniline on the wall of Ag/MWCNT composites. And the mass ratio of aniline to Ag/MWCNT as varied from 9:1, 8:2, 7:3, 6:4 to 5:5. When the mass ratio was 6:4, the electrochemical properties of PANI/Ag/MWCNT composites electrode were similar to that of the pure Ag/MWCNT composite electrodes. And when it dropped below 6:4, the Ag/MWCNTs could not be covered completely, that is why the minimum mass ratio we prepared was 5:5. In a typical run, take the mass ratio being 6:4 for example, the synthesis procedure was as follows: 60 mg of aniline monomers and 0.4 mL of HNO 3 (68wt%) were added into 10 mL of deionized water. The 40 mg of the as-prepared Ag/MWCNT composites were added into another 10 mL of deionized water containing 0.1 mol/L of SDBS, and then ultrasonicated for 30 min to separate the Ag/MWCNT composites. Following that, the aniline solution was added to the Ag/MWCNT solution under vigorous magnetic stirring at 0
• C. Subsequently, 10 mL APS aqueous solution was added dropwise with 1:1 mole ratio of APS to the aniline monomer. Then the mixture was kept to react for another 8 h under constant stirring at 0
• C. The resulting product was washed with deionized water and methanol until the filtrate was colorless. Then the residue was dedoped by immersing in 3wt% NH 3 ·H 2 O solution at room temperature with stirring for 12 h. After filtration, the dedoped product was dried in vacuum for 24 h to yield the PANI/Ag/MWCNT composites. For comparison, pure PANI specimen was also synthesized through the above mentioned method without the presence of Ag/MWCNTs.
D. Characterization
The morphology and surface chemistry were characterized by scanning electron microscopy (SEM, Hitachi S-4700, Japan), high-resolution transmission electron microscopy (HRTEM, JEOL TEM-3010, Japan), and X-ray photoelectron spectroscopy (Thermo VG ES-CALAB XPS-250, UK). The structure was analyzed by Fourier transform infrared (FT-IR, PerkinElmer Spectrum RX1, America). And the crystal lattice was determined by X-ray diffraction (XRD, Rigaku D/Max2500 VB2+/pc, Japan).
E. Preparation of working electrode and electrochemical measurements
Working electrodes were prepared by mixing 85wt% as-prepared composites with 10wt% acetylene black and 5wt% poly(tetrafluoroethylene). The three constituents were firstly dispersed in ethanol to form a black paste, then coated onto a nickel foam substrate (1 cm 2 ), and finally dried in vacuum oven at 80
• C for 24 h. By doing this, each working electrode could generally hold 4 mg of as-prepared materials and 1 cm 2 of surface area. All electrochemical experiments were conducted in a three-electrode setup: the as-prepared working elec- trode, a graphite electrode as a counter electrode, and a Hg/HgO as a reference electrode. Meanwhile, the measurements were carried out in a 1 mol/L KOH aqueous electrolyte at room temperature. CV curves were carried out in a potential range from −0.7 V to +0.3 V at different scan rates of 2, 5, 10, 20, 50 mV/s with CS 350 electrochemical workstation. EIS was performed with the frequency ranging from 100 kHz to 0.01 Hz at the open potential. GCD curves were measured in a potential range from −0.7 V to +0.3 V at different current densities of 0.25, 0.50, 1.25, 2.50 A/g by computer controlled cycling equipment (Corrtest C350, Wuhan China).
III. RESULTS AND DISCUSSION
A. FT-IR characterization
The FT-IR spectra of PANI/Ag/MWCNT composites with different mass ratios of aniline to Ag/MWCNT and pure PANI are shown in Fig.1 . From the spectrum of pure PANI, the peak at 1590 cm −1 was attributed to the stretching mode of quiniod ring, the peak at 1497 cm −1 was from the stretching mode of benzenoid ring, the peak at 1307 cm −1 was associated with C−N stretching vibration, and the peaks at 1165 and 830 cm −1 corresponded to the planebending and out-of-plane bending vibration of C−H, respectively. These characteristic peaks demonstrated the successful polymerization of aniline. After introduction of the Ag/MWCNT composites, as it can be seen, the entire spectrum was similar to that of the pure PANI, although the relevant characteristic peaks weakened in varying degrees, indicating that aniline monomers had also successfully polymerized in the ternary PANI/Ag/MWCNT composite system.
B. XPS characterization
The surface chemistry of the PANI/Ag/MWCNT composites was further investigated using XPS spectra. Take the composites with the mass ratio of aniline to Ag/MWCNT at 5:5 for example, the wide-scan spectrum in Fig.2(a) indicated the presence of N, C, and Ag elements in the composites. And the high binding energy peaks at 530 eV of O1s was mainly due to the adsorption of oxygen in the air. Furthermore, the XPS spectra of N, C, and Ag elements exhibited their specific existence forms. N1s spectrum (Fig.2(b) ) showed that the most nitrogen centered at 399.9 eV belonged to amine (-NH-) in benzenoid amine or amide groups, two small peaks centered at 398.3 and 401.1 eV were attributed to imine groups (=NH-) and positively charged nitrogen groups (N + ), respectively, suggesting successful polymerization of aniline [22] . Moreover, the area fractions were 63.97%(-NH-), 24 .86%(=NH-), 13.03%(N + ), respectively, by calculation. In C1s spectrum as shown in Fig.2(c) , C1s could be deconvoluted to four peaks centered at 248.5 eV (sp 2 -hybridized carbon), 285.0 eV (sp 3 -hybridized carbon), 285.8 eV (C−N), and 286.5 eV (C=N) with area fractions of 38.21%, 25.63%, 19.99%, and 16.16%, respectively. The area fraction ratio of -NH-to =NH-in N1s spectrum was 63.97/24.86, it was obviously larger than the area fraction ratio 19.99/16.16 of C−N to C=N in C1s spectrum. The difference could be explained by other surface functional groups on the wall of MWCNT, such as C−O (286.6 eV), which was so close to C=N (286.5 eV) [23] . The XPS spectra of N1s and C1s indicated successful polymerization of PANI on the surface of Ag/MWCNTs, which was consistent with the foregoing FT-IR analysis. In addition, Ag3d core-lever spectrum is exhibited in Fig.2(b) , and the bind energy peaks at 374.2 and 368.2 eV were attributed to Ag3d 3/2 and Ag3d 5/2 , indicating that Ag element existed in the zero valent state in the PANI/Ag/MWCNT composites [24] .
C. Morphology analysis
Figure 3(a) shows HRTEM image of Ag/MWCNTs. Obviously, a large number of Ag nanoparticles with diameters ranging from 5 nm to 30 nm successfully attached to the surface of MWCNTs and distributed uniformly without agglomeration. After polymerization of aniline on the wall of Ag/MWCNTs, it can be directly observed in Fig.3 (b) −(e) that there was PANI layer coated completely on the surface of Ag/MWCNT composites. Moreover, from Fig.3(d) , clear lattice fringes with an interval of approximately 0.24 nm were seen inside the PANI layer and on the surface of MWCNTs. The result corresponded to a typical lattice distance of Ag cluster (111) plane, which confirmed that the Ag nanoparticles between the MWCNT core and PANI layer existed in the form of elemental crystal.
To further study the crystal lattice, XRD diffraction patterns of pure PANI, Ag/MWCNTs, and the PANI/Ag/MWCNT composite with the mass ratio of 5:5 are shown in Fig.3(f) (111), (200), (220), (311), and (222) reflections (JCPDS card number 4-0783), confirming the existence of Ag 0 in the binary and ternary composite again. And the characteristic peaks appeared at 2θ=26.02
• , which can be assigned to the diffraction signatures of the distance between the walls of MWCNTs and their inter-planar spacing [25] .
D. Electrochemical characterizations
The electrochemical properties of the ternary PANI/Ag/MWCNT composite electrodes were studied by CV, GCD and EIS analyses. Figure 4 shows the CV curves of pure PANI and the ternary composites with different aniline to Ag/MWCNT mass ratios at 50 mV/s. Compared with pure PANI, the composite electrodes exhibited a gradually increased current density response as the mass ratio of aniline to Ag/MWCNT dropped. What's more, when the mass ratio fell to 7:3, 6:4, and finally 5:5, the ternary composite electrodes showed better capacitance performance, since the current density response was larger. Besides, there was an interesting observation that a reversible anodic peak occurred at around −0.125 V, which possibly corresponded to the conversion reaction of sliver nanoparticles in the alkaline KOH electrolyte solution, indicating pseudocapacitance characteristics of the ternary composites [26] .
From the analysis, the composite electrodes with the mass ratios of aniline to Ag/MWCNT at 7:3, 6:4, and 5:5 were found to show better capacitance performance. So taking the three composite electrodes for instance, we further studied other electrochemical performances. electrodes exhibited both electric double layer capacitance (EDLC) and pseudo capacitance response over the whole potential range. Meanwhile, the shapes of the CV curves remained unchanged with the scan rate increasing from 2 mV/s to 50 mV/s, suggesting good rate capability. The result was the same when the mass ratios were 6:4 and 7:3 ( Fig.S1 and Fig.S2 in supplementary material) .
The specific capacitance value of an electrode can be calculated according to the following equation [27] :
where I is the response current density, V is the potential, v is the potential scan rate, and m is the mass of the electroactive material in the electrode. The specific capacitance values of the three composite electrodes changed with the scan rate, as shown in Fig.5(b) . For the ternary composites with different mass ratios, it was found that with the scan rate increasing, the specific capacitance values decreased instead. This can be contributed to the greater charge mobilization per unit time leading to lower degree of orderly arrangement. Obviously, the ternary composite with the mass ratio of 5:5 showed the highest specific capacitance and exhibited maximum capacitance of 140.6 F/g at a potential scan rate of 2 mV/s for all the measured potential scan rates, which could be explained by the fact that the largest content of Ag/MWCNTs could lead to small resistance and improve charge transfer of composite electrode. Figure 6 (a) exhibited typical GCD analysis of the ternary composites with the mass ratio at 5:5, when the charge-discharge current densities rose from 0.25 A/g to 2.5 A/g. The composite electrodes exhibited good capacitive behaviors over the potential ranging from −0.7 V to 0.3 V. The discharge time decreased as the current density increased. Meanwhile, the GCD curves were symmetric and non-linear over the whole potential range revealing the typical faradaic capacitances from PANI and Ag nanoparticles [28] . The ternary composites with the mass ratio at 6:4 and 7:3 performed the same behaviors (Fig.S3, Fig.S4 in supplementary material) . And for the three composite electrodes, the electrode with the mass ratio at 5:5 exhibited the longest discharge time at the same current density.
The average specific capacitances of the PANI/Ag/ MWCNT composites were calculated from discharge process according to the following equation [29] :
where ∆t is the charge time and ∆V was the potential range during charge process. The capacitance performance of the PANI/Ag/ MWCNT composite electrodes was evaluated by charge/discharge at different current densities. As shown in Fig.6(b) , we calculated the specific capacitance values of all the PANI/Ag/MWCNT composite electrodes at the different current density. The composite electrode with the mass ratio of 5:5 performed higher specific capacitance values than that of the other two at the same discharge current density.
EIS, which explained the frequency dependence of electrode/electrolyte system, was analyzed between the frequencies of 0.01 Hz and 100 kHz in Fig.7 . In the Nyquist plot, the intercept of the real component reflected the equivalent series resistance (ESR) of the electrode materialand ESR further determined the rate of charging/discharging of the electrodes; the diameter of semicircle in the high frequency region represented the interfacial charge transfer resistance, and larger diameter indicated higher interfacial charge transfer resistance, which further suggested poorer conductivity of the electrodes [30] . As shown in Fig.7 , the PANI/Ag/MWCNT composite electrodes all exhib-ited a smaller intercept (0.23 Ω) on the real component and smaller diameter of a semicircle (<0.25 Ω) compared with the Ag/MWCNT composite electrodes, which could be explained by the contribution of PANI layer to the interfaces where the conduction mechanism converted from ionic to electronic [31] . The Warburg diffusion region of PANI/Ag/MWCNT composite electrodes, corresponding to a 45
• straight line after semicircular region in the medium frequency range, indicated that the ternary composite electrode with the mass ratio of 5:5 exhibited shorter diffusion path length of the ion in the electrolyte. This is because the Warburg diffusion region of the ternary composite electrodes with the mass ratio of 5:5 was shorter than the other two.
IV. CONCLUSION
In this work, we prepared the PANI/Ag/MWCNT composites by in situ polymerization of aniline on the wall of Ag/MWCNTs with different aniline to Ag/MWCNTs mass ratios. According to the results of FT-IR, XPS, SEM and HR-TEM, it was clear that Ag/MWCNTs were covered completely by the PANI layer, and Ag nanoparticles existed in the form of elemental crystal between the MWCNT core and the PANI layer. Then we prepared the composite electrodes and studied their electrochemical performance in 1 mol/L KOH by CV, GCD, and EIS. It was found that the electrochemical performances of the composites were remarkably enhanced compared with that of the pure PANI. And the composite electrodes exhibited a quite low resistance, which would facilitate electron transfer in the electrode material to achieve quick charging and discharging. Particularly, when the mass ratio of aniline to Ag/MWCNTs was 5:5, the composite electrode displayed a small equivalent series resistance (0.23 Ω) and small interfacial charge transfer resistance (<0.25 Ω), as well as 160 F/g of the maximum specific capacitance at a current density of 0.25 A/g. These results suggested that the composite material had potential applications as cathode materials for lithium batteries and supercapacitors.
Supplementary material:
CV and chargedischarge curves of PANI/Ag/MWCNT composite electrodes with aniline to Ag/MWCNT mass ratios at 6:4 and 7:3.
